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Background of the Invention 
Field of the Invention 

[0001] The present invention relates to electrical heating of subsea pipelines. More 

particularly the invention relates to electrical heating with a pipe-in-pipe configuration. 

Description of Related Art 
[0002] Offshore hydrocarbon recovery operations are increasingly moving into deeper 

water and more remote locations. Often satellite wells are completed at the sea floor and are tied 
to remote platforms or other facilities through extended subsea pipelines. Some of these 
pipelines extend through water that is thousands of feet deep, where temperatures of the water 
near the sea floor are in the range of 40° F. The hydrocarbon fluids, usually produced along with 
some water, reach the sea floor at much higher temperatures, characteristic of depths thousands 
of feet below the sea floor. When the hydrocarbon fluids and any water present begin to cool, 
phenomena occur that may significantly affect flow of the fluids through the pipelines. Some 
crude oils become very viscous or deposit paraffin when the temperature of the oil drops, making 
the oil practically not flowable. Hydrocarbon gas under pressure combines with water at reduced 
temperatures to form a solid material, called a "hydrate." Hydrates can plug pipelines and the 
plugs are very difficult to remove. In deep water, conventional methods of depressurizing the 
flow line to remove a hydrate plug may not be effective. Higher pressures in the line and uneven 
sea floor topography require excessive time and may create operational problems and be costly 
in terms of lost production. 

[0003] The problem of lower temperatures in pipelines has been addressed by a variety 

of heating methods, including electrical heating. Most of the proposals for electrical heating of 
pipelines have related to pipelines on land, but in recent years industry has investigated a variety 
of methods for electrical heating of subsea pipelines. ("Direct Impedance Heating of Deepwater 
Flowlines," OTC 11037, May, 1999). One electrical heating method is the pipe-in-pipe method. 
In one configuration of a pipeline using this method, a pipe-in-pipe subsea pipeline is provided 
by which a flow line for transporting well fluids is surrounded concentrically by and electrically 
insulated from an electrically conductive outer pipe until the two pipes are electrically connected 
at the distal or remote end of a heated segment by a bulkhead. Voltage is applied between the 
inner and outer pipes at the proximate or electrical input end and electrical current flows along 
the exterior surface of the inner pipe and along the interior surface of the outer pipe. This pipe- 
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in-pipe method of heating is disclosed, for example, in US Pat. No. 6,142,707. Other variations 
of the general pipe-in-pipe method exist. The electrical power is supplied through an electrical 
isolating joint at the power input end of a segment of line to be heated. Alternating current, 
normally at about 60 Hz, is used. The voltage across the annulus is highest at the isolating joint 
and falls linearly to zero at the bulkhead. The current is essentially constant along the entire 
length of the pipe segment that is heated. Two key electrical effects, the skin effect and the 
proximity effect, confine the current flow largely to the annulus surfaces. Consequently, most of 
the current is effectively isolated from the produced fluids and the seawater around the pipeline. 
[0004] In pipe-in-pipe electric heating configurations, an annulus design that electrically 

isolates the inner and outer pipe and provides thermal insulation and load sharing is desirable. 
Electrical isolation between the inner and outer pipe is needed so that the pipes will not short- 
out, or develop an electrical fault. Thermal insulation is advantageous because it minimizes heat 
loss from the inner pipe and reduces the amount of electrical current necessary to achieve the 
desired temperature in the inner pipe. Load sharing between the pipes helps limit the stress on 
the outer pipe during laying. 

[0005] An annulus design that prevents complete flooding of the annulus and confines 

flooding caused by a breach of the outer pipe to a subsection of the annulus is needed. There is 
also a need for an annulus design that allows for the removal of small amounts of water that may 
be present in the annulus. 

Summary of the Invention 

[0006] Towards providing these and other advantages, the present invention provides an 

annulus for a pipe-in-pipe electrically heated pipeline having an electrically and thermally 
insulating ring over the inner pipe in selected segments of the annulus, with a gap between the 
ring and the outer pipe. The ring is preferably made of polyurethane foam with an impermeable 
plastic skin on the outside surface. The inside pipe may be coated with fusion bonded epoxy. 
The weld joints in the inside pipe may be covered with half-shells, also made of foam. In parts 
of the annulus where greater thermal insulation is needed, more of the annulus contains the 
insulating ring. If no thermal insulation is needed, the insulating sleeve may be omitted and 
insulating pipe centralizers be used. 

[0007] The annulus may also include water stops. A water stop includes a solid 

polyurethane plug that is formed from liquid polymer placed in the annulus over a seal. A 
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second seal is present on top of the plug. The seals are preferably made of rubber having the 
proper hardness. Both seals may have one or more collars on top of the seal, so that water can 
collect around or between the collars without causing an electrical short in the annulus. A highly 
water-absorbent material may also be placed on top of the seal. When the plug is formed with 
the annulus not in an upright position, the top surface of the plug is not perpendicular to the pipe 
axis and an angle-correcting piece is provided between the plug and the top seal. Seals or water 
stops may be used in segments of the pipeline regardless of whether thermal insulation is needed. 
Seals may be used regardless of whether a plug is used, as the seals alone can confine movement 
of water in the annulus if there is not a breach of the line. Less thermal insulation may be used in 
the riser, particular in the upper or shallower water parts of the riser. 
Description of the Drawings 

[0008] For a more complete understanding of the invention and the advantages thereof, 

reference is now made to the following description taken in conjunction with the following 
drawings in which like reference numbers indicate features and wherein: 

[0009] Figure 1 is a view of a platform and a satellite subsea well connected by subsea 

pipeline. 

[0010] Figure 2 is a cross sectional sketch of a pipe-in-pipe configuration for direct 

heating of a pipeline. 

[0011] Figure 3 is a cross sectional sketch of a pipe-in-pipe configuration for direct 

heating of a pipeline, like that shown in Figure 1, showing the components that reside in the 
annulus in a deeper water segments of the pipeline. 

[0012] Figure 4 is a cross sectional sketch of a pipe-in-pipe configuration for direct 

heating of a pipeline, like that shown in Figure 1, showing the components that reside in the 
annulus in a shallower water segments of the pipeline. 

[0013] Figure 5 is the cross sectional sketch of the pipe-in-pipe configuration with some 

possible arc paths in the annulus shown. 

Detailed Description 

[0014] U.S. Patent No. 6,142,707 and patent applications filed concurrently herewith and 

titled "Method of Installation of Electrically Heated Pipe-in-Pipe Subsea Pipeline" (S.N. 

)and "Corrosion Protection of Electrically Heated Pipe-in-Pipe Subsea 

Pipeline," (S.N. ), all commonly owned, are incorporated herein by reference. 
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[0015] Figure 1 illustrates the environment of the present invention. Here remote 

satellite well 12 is connected to platform 14 with subsea pipe-in-pipe pipeline 10. Subsea 
pipeline 10 may consist of seafloor section 19 and riser section 18. Surface facilities 16 on 
platform 14 include an electrical power supply. Seafloor section 19 may be up to 20 or more 
miles long. Pipe-in-pipe flowline 10 may be composed of 40-ft joints of pipe welded together. 
It is common to form individual 160 ft segments of pipe, called quads (four joints), which are 
then welded together as they are placed subsea to form pipe-in-pipe flowline 10. Seafloor 
section 19, which may be a half-mile or more below surface 28 of the ocean, terminates at sled 
20. 

[0016] Figure 2 illustrates one embodiment of an electrically heated pipe-in-pipe 

pipeline. In the embodiment shown in Figure 2, pipeline 10 includes electrically conductive 
outer pipe 32 and electrically conductive product flowline or inner pipe 34 arranged 
concentrically. Annulus 36 is defined between inner pipe 34 and outer pipe 32. Insulating joint 
38, which is normally in proximity to platform 14, structurally joins and electrically insulates 
inner pipe 34 from outer pipe 32. Electrical power supply 40 is connected across inner pipe 34 
and outer pipe 32. Thus pipe-in-pipe flowline 10 serves as a power transmission line, with the 
circuit completed by an electrical pathway connecting inner pipe 34 and outer pipe 32 at a 
second end 44 of the pipeline, which is normally in proximity to sled 20. By transmitting power, 
the entire heated segment of pipeline 10 serves as an electrical heater. The connection for 
joining the inner and outer pipes is provided by electrically conductive bulkhead 46. In another 
embodiment, insulating joint 38 is placed between two bulkheads and electrical power is input at 
an intermediate point, which may be near the midpoint of pipeline 10, with electrical pathways 
completing the circuit on both ends of pipeline 10. 

[0017] To prevent electrical shorts across annulus 36, inner pipe 34 must be electrically 

isolated from outer pipe 32 along the entire length of heated segment 10 except at bulkhead 46. 
Carrier pipe 34 may be thermally insulated to minimize heat loss and to reduce the amount of 
electrical power necessary to heat the contents of the pipe. Since electrical current flow is the 
same over the length of pipeline 10 and water temperature decreases with increasing water depth, 
the preferred amount of thermal insulation in different portions of riser 18 may vary. This may 
lead to the need for different annulus designs in different portions of pipeline 10. A design 
having less thermal insulation may be desirable for at least a portion of riser 18. 
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[0018] Fig. 3 shows, generally, apparatus 52 for use in an annulus where greater thermal 

insulative properties are needed. The outer surface of inner pipe 34 may be provided with 
electrically insulating coating 90, which may be fusion bonded epoxy. Such coating, when 
applied with an appropriate thickness, such as 20 thousandths of an inch or more, can withstand 
up to 8000 volts before failing, even after being wetted for several days. Electrically insulating 
coating 90 may have gaps around weld locations 66, where it is destroyed during welding. 
[0019] Inner pipe 34 is further thermally and electrically insulated by insulating ring 62, 

which surrounds inner pipe 34 and layer 90 and extends a selected distance along the length of 
inner pipe 34. Insulating ring 62 is preferably made of a thermally and electrically insulative 
material such as polyurethane foam. Insulating ring 62 also serves to centralize inner pipe 34 
within outer pipe 32, and may be formed by spraying on of an insulating foam material around 
inner pipe 34. Insulating ring 62 may also have solid skin 64 on its outer surface that serves to 
protect insulating ring 62 from mechanical damage during installation. Solid skin 64 may be 
used to provide a water barrier that protects insulating layer ring 62 if insulating ring 62 is 
porous and to provide an additional layer of electrical insulation. Examples of the material of 
solid skin 64 are polyurethane and polyethylene. A small clearance between solid skin 64 and 
outer pipe 32 reduces heat loss from inner pipe 32 by decreasing convection in annulus 36. The 
clearance between solid skin 64 and the inner surface of outer pipe 32 is preferably less than 
about 0.25 inch. 

[0020] Water stops may be needed in pipe-in-pipe flowline segment 10 to prevent 

complete water flooding of annulus 36 in the event of a breach in outer pipe 32 or failure of other 
equipment in the system. Even partial flooding of annulus 36 may cause an electrical short and 
prevent its further use. The effort required to remove water from the annulus and restore the 
pipeline to service can be reduced by separating the annulus into water-tight compartments. 
Electrically insulating water-proof barriers capable of withstanding the water pressure outside 
the pipeline across the barrier are needed. As shown in Figure 3, water stop 102 may be used as 
a part of apparatus 52. Water stops may be used in every quad or less frequently. For instance, 
water stops such as stop 102 may be used every third quad (480 feet apart) in pipeline 10, both in 
seafloor section 19 and in riser 18 to reduce the risk of catastrophic flooding. 
[0021] Water stops such as stop 102 fill annulus 36 for a selected longitudinal distance. 

Water stop 102 consists primarily of plug 104 which is contiguous with the outer surface of inner 
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pipe 34 and the inner surface of outer pipe 32. Impermeable seals 106 and 108 maybe placed in 
contact with the face of each end of plug 104. All the components of water stop 102 should be 
made of electrically insulating materials or otherwise electrically insulated. 
[0022] In order to reduce the mechanical stress on either inner pipe 34 or outer pipe 32 

during pipe laying (placing the pipe on the seafloor), mechanical stress is preferably transferred 
between pipes. This load-sharing may be provided by plug 104. Because plug 104 is selected to 
seal the annulus and adhere to the surfaces of both the outer wall of inner pipe 34 and the inner 
wall of outer pipe 32, it provides the necessary load-sharing. 

[0023] Exposed metal surfaces of pipes in contact with plug 104 are preferably cleaned 

or sanded so as to form an adherent surface. The material of plug may be polyurethane. The 
plug may be formed from a liquid that is placed in the annulus as the pipeline is being laid. 
Flowmax 6000, sold by Flowtech Corp. of Houston, Texas is one such polyurethane that 
functions in this application. Plug 104 then provides mechanical support for adjacent 
impermeable seals 106 and 108. If outer pipe 32 were breached on either side of water stop 102, 
sea water would push against one of the impermeable seals 106 and 108. Impermeable seal 106 
or 108 would in turn push against plug 104, which is mechanically held in place by its 
attachment to the piping walls or by ridges that may be provided on the pipe wall. The seals are 
energized by pushing against the plug under pressure. Plugs may be of any reasonable length, 
for example, between 1.5 and 3 feet. The preferred length of plug 104 depends on the outside 
water pressure at the operating depth of the pipeline. The higher the external pressure, the more 
support that impermeable seals 106 and 108 will require in case of a breach of outer pipe 32 or 
other failure. Plug 104 may also perform as a thermal insulator. 

[0024] Because plug 104 should adhere to the outer surface of inner pipe 34, insulating 

layer ring 62 and solid skin 64 are removed from inner pipe 34 along the length of plug 104. 
Removal of layer 62 should be minimized to maximize thermal and electrical integrity. For 
example, in the embodiment shown in Figure 3, which is designed to operate at pressures near 
1500 psi, 5 feet of insulating layer ring 62 are removed to accommodate a 2-ft plug. During 
installation, care should be taken to avoid contamination by lubricants or other substances of 
pipe surfaces that will be in contact with plug 104. These substances may prevent plug 104 from 
properly adhering to pipe surfaces. 
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[0025] Where plug 104 is made of polyurethane, the adhesion of plug 104 to pipe 

surfaces may be improved by the presence of an adherent coating, such as a fusion bonded 
epoxy, on pipe surfaces that will be in contact with plug 104. Improved bonding may result 
during plug 104 installation with fusion bonded epoxy on pipe surfaces because the epoxy may 
chemically react with polyurethane during cure of the polyurethane. 

[0026] Seals 106 and 108, placed against the ends of plug 104, may be sized such that 

they form a tight fit in annulus 36. To yield a tight fit, seals 106 and 108 may be slightly larger, 
for instance, 1.5 to 2% larger, than the maximum width of annulus 36. Seals 106 and 108 may 
be made of rubber. Rubbers with a durometer of 40 to 65 are preferred as a material of 
construction. In addition, a rubber which is not susceptible to charring is preferred so that 
electrical arcs will not char the seal and self-propagate. Silicone-based rubbers are suitable. In 
one embodiment, second seal 108 is formed using a poured-in-place elastomer. An acceptable 
material is SYLGARD, a product of Dow Corning. In a preferred embodiment, rubber seals with 
no parting lines (from a mold) on seal surfaces are used. Silicone grease or similar materials 
may also be applied to the surface of inner pipe 34 where impermeable seals 106 and 108 are 
installed, to prevent the seals from rolling during installation. 

[0027] The geometry of the seals is designed to facilitate installation without rolling or 

abrading while maintaining functionality. The cross-section of a seal has square corners and 
straight sides that extend about 15-30 % of the dimensions in the radial and longitudinal 
direction. The inner/outer surface curves inward with a first radius to a central seal web. The 
width of the central seal web is nominally set at between 50% and 75% of the width of the 
minimum annular gap. The upper/lower surface may have a larger radius. The inner and outer 
diameters of the seal are set to provide seal integrity for maximum pipe annular distance. 
Tolerances in the nominal pipe diameter, wall thickness, and variations in ovality are considered. 
The exact width is experimentally determined during installation testing, to account for 
influences from the seal material and the pipe surface conditions. The radii on the upper and 
lower component surfaces are designed with a shallow cup to provide pressure actuation by 
forcing the seal faces outward against the pipe walls during axial compression by seawater at 
seafloor pressure that has leaked in due to a breach in the outer pipe. If required, relief cuts may 
be provided for the upper/lower and inner/outer surfaces. The upper/lower relief cuts facilitate 
radial compression of the seal during installation and provide enhanced pressure actuation under 
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leakage conditions. The inner/outer side surface relief cuts are used to facilitate radial 
compression during installation. 

[0028] Depending on the method of pipe laying employed, the upper surface of plug 104 

may not be perpendicular to the axes of the pipes. This results when plug 104 is poured into the 
annulus as a liquid and cures with the axis of the pipes not in a vertical direction. This is a 
common orientation in pipe-laying operations. If the upper surface of plug 104 is not 
perpendicular to the axis of pipes 32 and 34, seal 108 may fail. This problem may be 
ameliorated by placing solid angle-correcting piece 110 over plug 104. Solid angle-correcting 
piece 110 should be constructed of an electrically insulating material that resists arcing along its 
surface. DELRIN or NYLON (which may be between two pieces of DELRIN) are two such 
suitable materials. The lower, angled surface of correcting piece 110 should fit over the angled 
upper surface of plug 104 such that the upper surface of correcting piece 110 forms a surface 
perpendicular to the axis of pipes 32 and 34. This method may require that correcting piece 1 10 
be custom manufactured with the appropriate angle on its lower surface. This angle will depend 
on the angle at which the pipes are held on a pipe-lay barge when the plug material is poured into 
the annulus. Correction piece 110 is placed in the annulus oriented such that the face of the 
piece contacts the face of plug 104. 

[0029] Although a large amount of water in annulus 36 may lead to a catastrophic failure 

because it may form an electrical short between inner pipe 34 and outer pipe 32, it is possible 
and prudent to design annulus 36 so that small amounts of water will not lead to a system short. 
Small amounts of water may be present in annulus 36 due to condensation of water vapor in 
annulus 36 or due to rain and sea water that may enter annulus 36 during the installation of pipe- 
in-pipe pipeline 10. The main concern with water arises in quads that do not lie horizontal. As 
shown in Figure 3, in non-horizontal quads, any water present in annulus 36 will run down and 
collect on impermeable seal 108, where it can cause a short circuit across annulus 36. This 
problem is not normally present in horizontally oriented quads because water will spread along 
the bottom of annulus 36 for the entire length of pipe-in-pipe flowline 10 between two water 
stops and will not bridge from outer pipe 32 to inner pipe 34. In order to prevent the collected 
water from forming a short circuit in the non-horizontal portion of the pipeline, one or more 
electrically insulating collars shown in Fig. 3 as electrically insulating collars 112 and 114 may 
be formed on seal 108 to reduce pooling of water across annulus 36. Electrically insulating 
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collars 112 and 1 14 allow a certain amount water to collect on either side or the collars without 
shorting the annulus. One collar may also be used. The preferred height of collars 112 and 114 
is determined by the amount of water that may be in the annulus. Collars 112 and 114 are 
preferably made tall enough to allow several hundred grams of water to collect without causing a 
short circuit. A suggested height range is about 1.5 to 3 inches, although other heights may also 
be suitable. A two-collar arrangement such as shown in Fig. 3 can accommodate super 
absorbent pack 1 1 6 between the collars. Super absorbent pack 116 may be placed on top of seal 
108 and held within rubber collars 112 and 114, which may be integral with seal 106. Super 
absorbent pack 116 traps water in the annulus and increases the amount of water that can be 
safely present in quads that are not horizontal. The use of super absorbent pack 1 16 can reduce 
the need for water-removal techniques, such as placing annulus 36 under vacuum between seals. 
Super absorbent pack 116 removes water (up to its capacity) from anywhere in the section of 
annulus 36 extending from impermeable seal 106 to the next impermeable seal above it. Super 
absorbent pack 116 may be formed from polyacrylates or other known super absorbents. 
[0030] In each water stop of this embodiment, the impermeable seal that would reside at 

the higher elevation if the quad were to be positioned at an angle from the horizontal may be 
equipped with the same water management devices as impermeable seals 106 or 108, shown in 
Figure 3. Each of these seals, like impermeable seals 106 and 108 may have two collars 112, 
1 14 and a super absorbent pack 1 16. In addition, seals with the same water management devices 
as seals 106 and 108 may be installed in quads that do not contain a water stop. For these 
unsupported impermeable seals, the application of silicone grease to the outer surface of inner 
pipe 34 where the water seal sits is especially important to prevent the seals from rolling when 
the pipes move relative to each other. 

[0031] A shallower-depth design shown in Figure 4 may be employed in a selected part 

of riser 18 where water temperatures are higher and heat loss from the pipeline is less. This may 
include the upper-most quads of the riser section 18 (Figure 1). Figure 4 illustrates one 
embodiment of such apparatus in annulus 36. Insulating layer ring 62 (Fig. 3) is omitted to avoid 
overheating during electrical power input. In the embodiment shown in Figure 4, centralizers 82 
are used to provide electrical insulation and to centralize inner pipe 34 and outer pipe 32. 
Centralizers are most often cone-shaped wedges made of nonconductive materials. In one 
embodiment, centralizers may be composed of multiple parts such as described in US patent 
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6,142,707. Centralizers 82 may be present at selected intervals in annulus 36 along the entire 
length. The spacing may vary depending upon local conditions, but typically is about 10-20 feet, 
except at locations containing water stops. The materials of construction for centralizers 82 are 
selected such that they are able to withstand the voltages present across the annulus and such that 
they do not char if arcing occurs. DELRTN and NYLON are preferred materials for voltages up 
to about 4000 volts. The outside surface of centralizers 82 may be beveled such that wet scale, 
possibly present in annulus 36, is unlikely to form an electrically conductive bridge between 
inner pipe 34 and outer pipe 32. Collar 84 may also be provided on the top side of the 
centralizers 82 to further block arcing resulting from any debris lying across the centralizers 82. 
Carrier pipe 32 may also be surrounded by electrically insulating layer ring 86. Insulating layer 
ring 86 provides electrical insulation in case contamination does establish a bridge spanning 
from inner pipe 34 to outer pipe 32. Insulating layer ring 86 may be a layer of solid 
polyurethane, approximately 0.25 inch thick. Coating 90 of fusion bonded epoxy may be present 
on inner pipe 34. 

[0032] During heating, the applied electric power required and the calculated heating rate 

may be based on the assumption that the heated segment is on the sea floor and that a hydrate is 
residing in inner pipe 34. However, the upper quads of riser section 18 will heat up faster 
because of higher water temperature. Furthermore, inner pipe 34 will also not likely contain a 
hydrate in shallower-depth section 54 because near sea level the ambient temperature and 
internal pressure are usually not in the range of pressure-temperature when hydrates form. Thus, 
the quads in shallower-depth section 54 may overheat while in heating mode. If annulus 36 in 
shallower-depth section 54 exceeds a critical temperature, electrically insulating materials may 
break down resulting in an electrical short in the upper quads of riser section 18, where the 
voltages across annulus 36 are highest. By omitting insulating layer ring 62 in shallower-depth 
segment 54, the inner pipe temperature rise may be limited to about 20° F, because of higher heat 
loss. Although thermal insulation is not required in shallower-depth section 54, electrical 
insulation and load sharing between inner pipe 34 and outer pipe 32 may be needed. 
[0033] Arcing may occur in annulus 36. Fig. 5 shows possible breakdown paths 1 17 and 

130. Water droplets distributed across an insulating surface can promote arcing. Materials 
should be selected such that water will flash off without substantially damaging the insulation 
when a high voltage is applied. Water may become trapped between plug 104 and angle- 
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correcting piece 110 and between angle-correcting piece 110 and impermeable seal 108. 
Damage from arcing due to trapped water in the area between plug 104 and impermeable seal 
108 may be reduced by selecting the construction material of angle-correcting piece 110. 
DELRIN and NYLON are preferred materials. 

[0034] While particular embodiments of the present invention have been described, it is 

not intended that these details should be regarded as limitations on the present invention, except 
to the extent that they are included in the appended claims. It should be understood that various 
changes, substitutions and alterations can be made hereto without departing from the spirit and 
the scope of the invention as defined by the appended claims. 
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